Objective To characterize the rate of monitoring alarms by alarm priority, signal type, and developmental age in a Level-IIIB Neonatal Intensive Care Unit (NICU) population. Study design Retrospective analysis of 2,294,687 alarm messages from Philips monitors in a convenience sample of 917 NICU patients, covering 12,001 patient-days. We stratified alarm rates by alarm priority, signal type, postmenstrual age (PMA) and birth weight (BW), and reviewed and adjudicated over 21,000 critical alarms.
Introduction
Providing effective life support to the critically ill relies heavily on an array of bedside monitoring devices to track the physiological state of each patient and to alert care providers-through visual and audible alarm messages-to significant changes in key physiological parameters. In the preterm population, for example, oxygenation monitoring is critically important to draw attention to dangerously low or high oxygenation levels. Monitoring devices also alert care
providers to technical problems with the measurements or the devices themselves. These alarming features are indispensable in modern technology-driven critical care. The proliferation of bedside monitoring, however, has resulted in high rates of monitoring alarms, most of which are thought to be either technically false or clinically irrelevant [1] [2] [3] [4] , leading to desensitization of care providers ('alarm fatigue') [2, 4, 5] and the potential to miss truly lifethreatening deterioration, thus putting patients at serious risk.
In the context of neonatal intensive care, several recent studies have reported and analyzed sizeable volumes of alarm data to understand alarm patterns and to suggest possible strategies to reduce the overall alarm burden [6] [7] [8] [9] [10] . However, few studies have comprehensively quantified the overall NICU alarm load by developmental age of the infant. The care and associated monitoring strategies of the preterm neonate are primarily determined by the infant's pathophysiology and illness severity. However, the care and monitoring strategies typically change with gestational and postmenstrual age (PMA), and the alarm types and alarm burden are, therefore, also likely to change over the course of an infant's NICU stay. A comprehensive characterization and stratification of NICU alarm patterns may help identify opportunities to reduce the overall alarm burden and increase patient safety.
In the present study, we provide such systematic classification of the alarm burden for a tertiary-care NICU population. We report on the distribution of patient monitoring alarms by signal type and alarm priority, and stratify the alarm rates by PMA and birth weight. Additionally, we manually reviewed a subset of all critical alarms to assess the degree to which the issued alarms are technically true or technically false.
METHODS
Clinical setting, study design, and study sample
We performed a cross-sectional retrospective data analysis on a convenience sample of infants admitted between February 2008 and June 2013 to the Level-IIIB NICU at Boston's Beth Israel Deaconess Medical Center (BIDMC), a Harvard Medical School teaching hospital. The study was approved by the Institutional Review Boards at BIDMC and MIT. The requirement for individual patient consent was waived because the study did not impact clinical care and all protected health information was de-identified.
The BIDMC NICU consists of 24 separate patient rooms, each accommodating up to two patients. The patient rooms are arranged along the outside margin of a large U-shaped corridor. Staff work areas and six central monitoring stations are located along the corridor's inner margin, with each central station capable of covering up to six patient rooms. The cardiorespiratory status of all infants can thereby be observed both directly at the bedside, as well as at a central monitor. For less acutely ill infants, the nurse-toinfant ratio is 1:3, irrespective of nursing shift. For infants of higher acuity, the ratio is increased to 1:2 or 1:1 depending on the complexity of care required. Furthermore, infants of higher acuity are admitted to patient rooms at the bottom of the U, where the concentration of staff is typically higher and response time is optimized.
Approximately 5,000 infants are delivered annually at BIDMC, which has an active high-risk obstetrical service. Of the 1,300 annual NICU admissions, the vast majority are inborn and approximately half are admitted for 24 h or less. Infants with complex cardiac or surgical conditions are transferred to Boston Children's Hospital.
Patient monitoring
At BIDMC, each NICU bed is equipped with a dedicated patient monitor (IntelliVue MP-90, Philips Healthcare, Andover, MA) that acquires, digitizes, and displays physiological waveform data; computes and displays physiological trend data; and evaluates monitoring alarm conditions and issues alarm notifications. While the degree of monitoring varies with gestational age (GA), PMA, and patient condition and acuity, commonly acquired physiological waveforms include the electrocardiogram (ECG), and pulse plethysmogram (PPG). In subsets of infants, continuous positive airway pressure (CPAP) is acquired, and arterial blood pressure (ABP) may be recorded via an indwelling arterial catheter. Computed physiological trend data include heart rate (HR), arterial oxygen saturation (SpO 2 ), respiratory rate (Resp), and ABP metrics (systolic, mean, and diastolic). Ventilators, infusion pumps and bed alarms are not interfaced to the Philips monitor. Alarms from these and other stand-alone bedside devices were, therefore, not studied herein.
Throughout the study, the ECG was acquired using the Philips IntelliVue ECG module, and the PPG and SpO 2 signals were based on Nellcor Oximax MAX-NS and SC-PR probes directly interfaced to the IntelliVue monitors. The PPG sensor was generally repositioned once per nursing shift, and the ECG electrodes were repositioned or replaced on an as-need basis.
Multiparameter data archiving
The physiological waveforms, trend data, and alarm notifications from all patient monitors are transmitted over the dedicated hospital monitoring network to the central stations (M3155 IntelliVue Information Center, Philips Healthcare) and to a hospital database server for temporary storage. Archiving of the patient monitoring data occurred as part of the Multiparameter Intelligent Monitoring in Intensive Care II (MIMIC-II) project [11] . Briefly, a dedicated archiving agent was developed and deployed in collaboration with Philips Healthcare and was designed to copy the transmitted data packages in real-time from the hospital's monitoring network to a local fileserver to permanently archive the multiparameter physiologic monitoring data and alarm messages for research use. Because of bandwidth limitations at the time, we were only able to copy the data packages, and therefore, archive patient monitoring data, from half of the 48 NICU beds. Physiological waveforms were transmitted at 125 samples/sec and trend data at one sample/sec. Time-stamped alarm messages were transmitted at the time of alarm issuance at the bedside. The archived records were retrieved regularly from the archiving agents, de-identified, and converted from a Philips proprietary format to an open-source data format [12] .
Alarm types, settings, escalation, and notifications
The Philips patient monitoring system classifies alarms into three priority levels: INOPs, yellow (advisory), and red (critical) [13] . INOPs are technical alarms that are issued in response to measurement or data display problems and may indicate that alarm conditions cannot be evaluated reliably [13] . Yellow alarms are low-priority physiological alarms that call attention to arrhythmias or alarm-limit (threshold) violations that are not considered acutely life threatening. Red alarms are high-priority alarms and indicate the potential presence of a life-threatening condition or critical device failure. In our population, red alarms include critical desaturation, critical tachycardia, critical bradycardia, asystole, ventricular tachycardia/ventricular fibrillation (VTach/VFib), and non-pulsatile pressure signals with amplitudes less than 10 mmHg ("pressure disconnects"). The full unit-wide alarm settings by PMA, including alarm thresholds, delays, and averaging times, are provided in the Supplementary Material (Table S1) .
By unit-wide default, the Resp, apnea, and yellow arrhythmia alarms were disabled. However, care providers were able to activate Resp alarms at the bedside and alter the alarm-limit settings for all threshold-based alarms except for critical desaturation alarms. Red arrhythmia alarms (asystole and VTach/VFib) also could not be disabled. Alarms issued at the bedside were relayed to the central monitoring stations and to other patient rooms when care providers chose to utilize the patient overview option that displays alarm messages issued by one patient's monitor on another patient's monitor. No further alarm escalation to individual care providers was in place at the time of our data capture.
The archived Philips alarm notifications consist of the time stamp when the alarm was issued at the bedside and an alarm message that reports the alarm condition and associated alarm priority (red, yellow, or INOP). For alarm-limit violations, the alarm messages also contain the value of the prevailing alarm limit (threshold) and the measured deviation of the signal from the alarm threshold at the time of alarm notification. The archived alarm notifications do not contain any information about alarm silencing or alarm suspension. During clinical care, the alarm-pause feature is usually activated prior to routine handling of an infant. The NICU staff typically silence yellow alarms prior to or as they respond to the alarm. Additionally, yellow alarms are non-latching in our NICU and will reset without caregiver intervention if the alarm condition resolves. Red alarms prompt direct patient evaluation. Red alarms are also latching, which means they require caregiver response to be silenced.
Alarm adjudications
Since waveform signal artifacts can mimic true physiological events we set out to determine whether issued red alarms were technically true or false. To that end, we reviewed the ECG and PPG waveforms preceding asystole and VTach/VFib alarms, and the PPG waveform and SpO 2 trend data in a subset of the critical desaturation alarms. Asystole alarms were judged to be true if the ECG waveform was free of artifacts in the 20-second interval preceding the time of asystole alarm and if there was no evidence of cardiac activity for four seconds or longer in the ECG or any of the other monitoring waveforms (principally the PPG waveform). Likewise, VTach/VFib alarms were judged to be true if the ECG waveform was free of artifacts in the 20-second interval preceding the time of VFib/VTach alarm, the cardiac activity could credibly pass as a ventricular rhythm, and information from other monitoring signals (again principally the PPG waveform) did not contradict the alarm condition. A critical desaturation event was deemed correct if a pulsatile PPG waveform was discernable, and the SpO 2 signal was free of artifact and met the indicated alarm condition within the 20 s preceding the critical desaturation alarm. If an asystole, VTach/VFib, or critical desaturation alarm was not explicitly determined to be true, we considered it to be technically false.
Clinical data
For each infant admitted to the NICU over the duration of the study period, we extracted from the electronic medical records the medical record number (MRN), first and last name, GA, gender, date of birth, birth weight (BW), and NICU admit and discharge dates and times.
Patient matching and exclusion criteria
Since the MIMIC-II data acquisition protocol did not store bed labels, the archived monitoring data could only be associated with certainty with a particular infant if the clinical staff manually entered the infant's name and/or MRN into the monitoring system. Since such entry of infant information into the patient monitor was done inconsistently, we were only able to match a subset of all archived patient monitoring records to associated clinical information. We excluded from our analysis all infants for whom archived records could not be matched to clinical information with certainty. We also excluded infants that were admitted to the NICU for less than 24 h and infants for whom less than sixty minutes of total patient monitoring data were archived. We did not impose any exclusion on the basis of signal type or alarm priority.
Statistical analysis
To determine the overall number and fraction of alarms by alarm priority (red, yellow, and INOP) and signal type (ECG, PPG, ABP, and CPAP), we extracted from each alarm notification the alarm condition, alarm priority, and alarm limits breached (for threshold alarms). To determine the per-patient alarm rate, we additionally extracted for each infant the total duration for which at least one monitoring signal was available. We compute the per-patient alarm rate as the total number of alarms in a patient's record divided by the duration over which monitoring data were available. We normalize each infant's per-patient alarm rate to a 24-hour monitoring period and report the resultant alarm rate as alarms/patient-day.
Given that recording durations can vary significantly for different signal types, we also computed the per-patient "active-signal" alarm rates as the total number of alarms of a particular signal type (ECG, PPG, ABP, and CPAP) divided by the total duration for which the particular signal was available (actively monitored) in a given patient. We report the active-signal alarm rate as alarms/24 h of signal availability.
From the per-patient alarm rates, we compute the average alarm rates and associated standard errors of the mean (SEM) by averaging across all per-patient alarm rates in our patient pool. We also report the median and interquartile ranges (IQR) for some alarm rates. We stratify alarm rates by alarm priority (red, yellow, and INOP), signal type, PMA, and BW. We use the Anderson-Darling approach to test for normality of the alarm rate distributions for each PMA and BW category. Alarm rates stratified by PMA or BW are compared statistically using the Kruskal-Wallis test. A p-value of 0.05 was used to indicate statistical significance. Finally, to assess the extent to which care providers adjust alarm settings from the unitwide default thresholds for HR and SpO 2 alarms, we compute the fraction of HR and SpO 2 threshold alarms for which the breached thresholds conformed to the unit-wide default.
RESULTS
Of the 7,119 infants admitted to the BIDMC NICU between February 2008 and June 2013, 99% were inborn and 3,462 had a length-of-stay (LOS) exceeding 24 h. Of those with LOS exceeding 24 h, 72% were preterm and 17% were Very Low Birth Weight (VLBW) or Extremely Low Birth Weight (ELBW). From the MIMIC-II database, we retrieved multiparameter patient monitoring data of 60 min or longer for 917 of these infants. Table 1 summarizes the demographic information of our study population and the overall NICU population that met the date range and LOS inclusion requirement. While no attempt was made to generate a (statistically) representative sample of the NICU population, clinical characteristics of our study sample correlate with the characteristics of the overall NICU population across GA, BW, and LOS (see Supplementary Material, Figures S1-S3) .
The 917 infants accounted for a total of 27,009.4 NICU days (74.0 patient-years), of which we captured 12,001.1 days (32.9 patient-years) in the MIMIC-II database (44.4% matching). Over the captured period, we recorded a total of 2,294,687 monitoring alarms, 3.6% of which were red alarms, 55.0% yellow alarms, and 41.4% INOPs (Fig. 1) . PPG/SpO 2 -related (red, yellow, and INOP) alarms accounted for 60.3% of all monitoring alarms, followed by ECG-related alarms (28.1%), Resp (5.4%), ABP (4.7%), and CPAP (1.2%). Of the INOP alarms, the most common notifications related to a non-pulsatile or noisy SpO 2 signal (34.6%); ECG leads off, noisy ECG signal or inability to analyze the ECG (29.0%); as well as noisy or non-pulsatile ABP and display issues of the ABP waveform (10.5%).
The average alarm rate was 177. (Table 2) . When normalized by the time over which each signal was available, the ABP and CPAP-related alarm rates dominate. These signals generated a sizeable number of INOP alarms, but were only recorded in a small fraction of patients and for a comparatively short period of time, which amplified their active-signal alarm rates.
When we stratified the alarm rates by PMA, we observed a U-shaped relationship in average alarm rate with PMA ( Fig. 2) and major birth-weight categories (Fig. 3) . ABP INOP alarms (non-pulsatile signal, noisy signal, and monitor display size issues) and SpO 2 High/Low alarms contribute disproportionately to the average alarm rate at low PMAs. Increases in the ECG (noisy signal, leads off, (14,195/14,216 ) of all asystole alarms, essentially 100% (2,567/2,568) of VTach/VFib alarms, and 35.9% (1,535/4,273) of the critical desaturation alarms were deemed technically false according to the criteria described in the Methods section, most commonly due to saturation artifacts or loss of signal.
The threshold settings for 96.9% of all HR Low alarms, 94.4% of HR High alarms, 89.2% of critical bradycardia alarms, and 96.0% of critical tachycardia alarms conformed to the unit-wide default settings. Likewise, the threshold settings for 80.5% of SpO 2 Low alarms, 78.5% of SpO 2 High alarms, and 99.6% of critical desaturation alarms conformed to the unit-wide default settings. Of those threshold-crossing alarms that did not conform to the unitwide default settings, a high fraction occurred at PMAs at which the unit-wide default thresholds are supposed to change for SpO 2 High alarms (PMA of 32 and 35 weeks), SpO 2 Low alarms (PMA of 35 weeks), and HR Low and critical bradycardia alarms (PMA of 34 weeks). 
Discussion
The proliferation of bedside monitoring alarms remains a challenge in modern critical care and poses a clear and tangible risk to patient safety [2] . In the United States, the Joint Commission has mandated that hospitals establish alarm safety as an organizational priority and take a principled approach to alarm system management [14] . To help The per-patient alarm rate references the total number of alarms to the total recording period for each patient. The active-signal alarm rate references the total number of alarms for a particular signal to the available recording duration for that signal.
N number of infants contributing to alarm statistics Fig. 2 Average alarm rates, stratified by postmenstrual age and broken down into constituent categories to reveal major alarm rate trends. All: average alarm rate across all 917 patients Fig. 3 Average alarm rates (±SEM) for micro preemies, ELBW infants, VLBW infants, LBW infants, infants of normal birth weight (NBW), and the entire study population (All) identify opportunities to reduce the alarm burden, we set out to comprehensively characterize the rates of patient monitoring alarms in a sizeable Level-IIIB NICU population. This study complements recent work on neonatal patient monitoring alarm burden and management [6] [7] [8] [9] [10] , by stratifying alarm rates by PMA and BW, in addition to alarm priority and signal type. The average alarm rate reported here is significantly lower than those reported recently by Ketko et al. [9] and by McClure et al. [10] in Level-IV NICU populations. Our average alarm rate is also lower than that reported by Vergales et al. [6] in a VLBW population. These differences may be related to the respective patient populations and acuity, and to the number and types of signals monitored. For example, our NICU does not provide care for infants with complex cardiac or surgical conditions. Also, Resp and apnea alarms are disabled by unit-wide default because of exceedingly high rates of nuisance alarms associated with these signals. Nevertheless, our results demonstrate that the aggregate alarm burden in this Level-IIIB NICU population is very high, resulting-on average-in one alarm per patient every eight minutes. Additionally, the alarm rates reported here represent a low estimate of the true bedside alarm burden in our NICU as our analysis focused exclusively on alarms issued by the Philips patient monitor; it did not account for alarms issued by warmers, incubators, ventilators, infusion pumps, or other stand-alone bedside devices.
A key finding of our study is that the average alarm rate significantly underestimates the alarm rates at low and high PMAs and BWs. ABP INOP alarms and SpO 2 High/Low alarms contribute significantly to the rise in alarm rates at low PMA. In our population, invasive ABP monitoring is used predominantly in very preterm infants and is associated with a very-high active-signal alarm rate ( Table 2) consisting mostly of "low-amplitude" INOP alarms. At higher PMAs, an increase in PPG-and ECG-related INOP alarms contributes to a modest increase in the alarm rate. This increase may be related to motion artifacts in both PPG and ECG signals due to increased activity in older infants. Additionally, according to our NICU guidelines, our SpO 2 Low alarm limit is increased from 87 to 92% at 35 weeks PMA, which contributes to an increased rate of desaturation alarms above 35 weeks PMA.
Schondelmeyer et al. [15] recently reported that INOP alarms constitute 33% of the overall alarm burden in a pediatric hospital population. In our study population INOP alarms also contribute to a very-significant degree (41.4%). Since the vast majority of INOP alarms are PPG/SpO 2 or ECG related, this finding suggests that improvements in the reliable acquisition of the PPG and ECG signals continue to have very-significant potential to reduce the overall alarm burden. Despite routine repositioning of the PPG sensor once per nursing shift, the PPG/SpO 2 alarm rate still dominated the alarm burden in our NICU. Reductions in NICU PPG/SpO 2 alarm rates have been reported for some sensor technologies [16] [17] [18] , though most studies were conducted in comparatively small numbers of infants or over relatively short observation periods. Daily ECG electrode changes have been shown to reduce nuisance alarms in adult ICU populations [19, 20] . To our knowledge no such study has been conducted in a NICU population, and the effect size of such changes on NICU alarm rate is, therefore, currently unknown.
Yellow alarms account for the majority of all alarm notifications in our study population and consist exclusively of alarm-limit violations. Various prior studies have investigated how changes in averaging time [21] , alarm delay [21, 22] , or alarm limits [9, 21] affect the incidence of threshold-crossing alarms, particularly SpO 2 alarms. Longer averaging times, longer alarm delays, and wider alarm limits all result in a decreased number of threshold-crossing events [10, 23] . In this study, SpO 2 High/Low alarms account for the vast majority of all yellow (advisory) alarms. The alarm delay and averaging time for SpO 2 High/ Low alarms in our unit are 10 and 20 s, respectively. The latter is the maximal value allowed by the manufacturer, and therefore, results in the maximal attenuation of transient SpO 2 excursions that is possible with our patient monitors. Our alarm delay is shorter than that recently advocated by McClure et al., who report that 55% of the SpO 2 High/Low threshold-crossing events in their cohort last less than 15 seconds [10] . Increasing our alarm delay to 15 s might, therefore, further reduce the incidence of SpO 2 High/Low alarms. To reduce the incidence of threshold-crossing events, clinicians can also adjust and thereby personalize the alarm thresholds for individual infants. In our population, however, the vast majority of the breached alarm limits conform to the unit-wide default settings. Changes to the averaging time, alarm delay, and alarm thresholds need to be balanced against the potential for missing clinically relevant events. Since our database did not contain information about which threshold alarms were clinically relevant or actionable, stratification of alarms according to clinical relevance was not possible.
Only 3.6% of all alarms were of the red (critical) alarm priority. While the incidence of red alarms is comparatively low in our population, the associated false alarm rates are very high. Since care providers must respond expeditiously to potentially life-threatening events, improvements in the specificity of critical alarms would also liberate care provider time, reduce distraction and thereby improve patient safety. Our alarm adjudications confirm that true asystole and VTach/VFib alarms are exceedingly rare in the neonatal population. The vast majority of true asystole alarms resolved spontaneously shortly after the alarm condition was met and did not require provider intervention. Only three asystole events lasted longer than ten seconds, and all three occurred in infants on comfort measures only close to the end of life.
In reviewing the physiological waveforms during the alarm adjudication process, we had the benefit of drawing from information across different waveform signals. Basing alarm conditions on information from multiple physiological signal streams, rather than a single signal, can significantly reduce the high rate of technically false critical alarms [24, 25] and should become part of standard patient monitoring algorithms as the overwhelming majority of critical arrhythmia alarms were simply technically false.
The current study is limited by its single-center nature, and the results must, therefore, be interpreted in the context of the local unit-specific policies, patient population, and alarm settings (see Supplementary Material) . Additionally, the archiving infrastructure limited data collection to half of the NICU beds, and matching of waveform records to clinical records relied on provider entry of patient information in the monitoring system. It is unlikely that these limitations led to significant systematic selection bias, as infants were assigned beds largely based on bed availability rather than infant characteristics. It is possible that identifiers were entered into monitors more reliably for infants with certain characteristics, such as longer LOS. Overall, however, the population of infants that were matched to waveform data were similar to the overall NICU population (Table 1 ; Supplementary Material).
A further limitation is the lack of alarm annotations by clinical relevance or action taken. Ideally, each alarm should be labeled as clinically relevant/actionable, clinically helpful, clinically irrelevant, or care-provider induced [1] . Such alarm annotations would need to be captured at the time the alarm is issued and action is taken at the bedside. They would be particularly helpful in devising rational approaches to reducing the high incidence of thresholdcrossing alarms.
The work presented here is the first detailed accounting of NICU bedside monitoring alarms by PMA and BW in a sizeable cohort. Our analysis demonstrates that the rate of bedside monitoring alarms in this Level-IIIB NICU population varies significantly with PMA and BW, and is largely driven by non-critical threshold-crossing and INOP alarms. Identification of the factors that drive alarm frequency lays the groundwork for future work to reduce unnecessary alarm burden.
